Clostridium thermocellum produces ethanol as one of its major end products from direct fermentation of cellulosic biomass. Therefore, it is viewed as an attractive model for the production of biofuels via consolidated bioprocessing. However, a better understanding of the metabolic pathways, along with their putative regulation, could lead to improved strategies for increasing the production of ethanol. In the absence of an annotated pyruvate kinase in the genome, alternate means of generating pyruvate have been sought. Previous proteomic and transcriptomic work detected high levels of a malate dehydrogenase and malic enzyme, which may be used as part of a malate shunt for the generation of pyruvate from phosphoenolpyruvate. The purification and characterization of the malate dehydrogenase and malic enzyme are described in order to elucidate their putative roles in malate shunt and their potential role in C. thermocellum metabolism. The malate dehydrogenase catalyzed the reduction of oxaloacetate to malate utilizing NADH or NADPH with a k cat of 45.8 s ؊1 or 14.9 s ؊1 , respectively, resulting in a 12-fold increase in catalytic efficiency when using NADH over NADPH. The malic enzyme displayed reversible malate decarboxylation activity with a k cat of 520.8 s ؊1 . The malic enzyme used NADP ؉ as a cofactor along with NH 4 ؉ and Mn 2؉ as activators. Pyrophosphate was found to be a potent inhibitor of malic enzyme activity, with a K i of 0.036 mM. We propose a putative regulatory mechanism of the malate shunt by pyrophosphate and NH 4 ؉ based on the characterization of the malate dehydrogenase and malic enzyme.
C
lostridium thermocellum is a Gram-positive, anaerobic thermophile capable of reaching one of the highest growth rates on crystalline cellulose (1, 2) . Furthermore, given its native ability to produce ethanol and H 2 , C. thermocellum is seen as an attractive microorganism for the production of biofuels via consolidated bioprocessing of lignocellulosic biomass. Unfortunately, current yields and production rates of ethanol and/or H 2 are low due to branched product pathways (3) (4) (5) which redirect carbon and electron flux away from a desired biofuel. These unwanted products include lactate, formate, and/or acetate (6) (7) (8) , as well as secreted amino acids (9, 10) . Thus, redirecting carbon and electron flux away from these secreted products toward either ethanol or H 2 may improve the economic viability of biofuels production using C. thermocellum.
A key pathway node involved in the interconversion of phosphoenolpyruvate (PEP) and pyruvate, which may catalyze either substrate level phosphorylation or transhydrogenation reactions between NADH to NADP ϩ , has been revisited with C. thermocellum (10, 11) . The interconversion of PEP and pyruvate may be catalyzed using a number of different putative enzymes. In contrast to most clostridia and other fermentative ethanol and/or H 2 -producing organisms (7), C. thermocellum ATCC 27405 (GenBank accession number NC_009012.1) does not encode a pyruvate kinase, which catalyzes PEP to pyruvate with the concomitant production of ATP from ADP and P i . Thus, an alternative means to generate pyruvate during glycolysis must be employed. Instead, C. thermocellum encodes two pyruvate dikinases (Cthe_1308 and Cthe_1253), which can potentially convert PEP to pyruvate and produce ATP from AMP and PP i . However, pyruvate dikinases are believed to play a role in gluconeogenesis, producing PEP, rather than catabolizing it, in many organisms (12, 13) . Alternatively, pyruvate production in C. thermocellum could follow an alternative route involving phosphoenolpyruvate carboxykinase (PEPCK) (Cthe_2874), a putative malate dehydrogenase (MDH) (Cthe_0345), and malic enzyme (MalE) (Cthe_0344) (see Fig. 7A ). This pathway, referred to as the malate shunt, may be capable of a transhydrogenation reaction, during which electrons are transferred from NADH to NADP ϩ (11). However, cofactor specificity of both MDH and MalE varies from organism to organism, and thus the specificity of these enzymes must be elucidated to verify the impact they may have on C. thermocellum metabolism.
MDHs, which can catalyze the reversible oxidation of malate to oxaloacetate (OAA), play a critical role in many biological processes, such as the tricarboxylic acid cycle, amino acid synthesis, maintenance of reduction and oxidation pools, metabolic stress response, and gluconeogenesis (14) (15) (16) (17) (15) . A mutation of a single amino acid in the Escherichia coli MDH can convert its substrate specificity from oxaloacetate to pyruvate, essentially converting the MDH to an LDH (19) . This leads to increased uncertainty pertaining to the annotation of LDH or MDH based on amino acid sequence homology and warrants further biochemical characterization for each species of interest. Like MDH, MalE, which catalyzes the oxidative decarboxylation of malate to pyruvate and CO 2 , can be classified into three different categories based on the cofactor specificity and the ability to decarboxylate OAA. These include (i) NAD ϩ -dependent, but not OAA-decarboxylating, MalE (EC 1.1.1.39), typically utilized in carbon fixation in plants, (ii) NAD ϩ -dependent OAA-decarboxylating MalE (EC 1.1.1.38), and (iii) NADP ϩ -dependent OAA-decarboxylating MalE (EC 1.1.1.40) (20) . While the non-OAA-decarboxylating MalE enzyme is incapable of converting OAA to pyruvate, the two last enzymes can catalyze either malate or OAA to pyruvate, thereby potentially bypassing the malate shunt/transhydrogenase pathway in the case of the latter. Furthermore, cofactor dependence of OAA-decarboxylating malic enzymes can also determine if transhydrogenation from NADH to NADP ϩ occurs. Thus, characterization of enzyme kinetics and cofactor specificity is critical in validating the proposed transhydrogenation pathway in C. thermocellum.
Recent evidence has indeed supported the idea that PEP is likely converted to pyruvate via the malate shunt in C. thermocellum. Transcriptomic (21) and proteomic (22) studies have shown that Cthe_2874, Cthe_0345, and Cthe_0344 are highly expressed in C. thermocellum, suggesting that they play a key role in pyruvate metabolism. Furthermore, in vitro crude cell extract enzyme activities demonstrated that MDH activity is strictly NADH dependent, whereas MalE activity is strictly NADPH dependent, in C. thermocellum strain DSM 1313 in cell extracts (10) . Similar observations were made with C. thermocellum strains AS39 and LQRI, which showed NADH-dependent MDH activity and an ammonium activated NADP ϩ -dependent MalE-like activity in crude cell extracts (11 
MATERIALS AND METHODS
Strains and reagents. Clostridium thermocellum ATCC 27405 genomic DNA was purchased from the American Type Culture Collection. E. coli DH5␣ was used as the host for plasmid construction and screening. E. coli BL21(DE3) was used as the expression strain for recombinant protein expression. The plasmids used for protein expression were pRSET-A (Life Technologies Corp.) and pET-28a(ϩ) (Millipore Ltd.). All antibiotics used were purchased from Sigma-Aldrich. All PCRs were done using iProof high-fidelity DNA polymerase (Bio-Rad Laboratories Ltd.). PCR purification was done using a QIAquick PCR purification kit (Qiagen Inc.) All restriction enzymes used were purchased from New England BioLabs. Plasmids were extracted using a Qiagen plasmid minikit (Qiagen Inc.). Recombinant proteins were purified using a HiTrap chelating column (GE Healthcare Bio-Sciences Corp.). Malic acid, OAA, NADP ϩ , NADPH, ATP, ADP, AMP, pyrophosphate (PP i ), and all buffers used were from Sigma-Aldrich.
Primer and plasmid construction. Primers for MDH and MalE were designed using the corresponding gene sequence from Integrated Microbial Genomics (24) . MDH (Cthe_0345) was amplified by PCR using the sense primer 5=-ATATGGATCCATGGAAATGGTAAAAAGTAGGT C-3= and the antisense primer 5=-ATATGAATTCTTATAAATTCTTAAC TTCGTTCAATAC-3= (restriction sites are underlined). The PCR product was purified and digested using BamHI and EcoRI restriction enzymes. The digested product was then ligated into pRSET-A by T4 DNA ligase (PROMEGA) to create the recombinant plasmid pAHCT345. MalE (Cthe_0344) was amplified by PCR using the sense primer 5=-CATATGG ATTACAGAAAGAATCACTAAG-3= and the antisense primer 5=-CGGC CGTTATATTCTTGCAACTCCGGTTTTTC-3=. The PCR was purified and digested using NdeI and EagI. The digested product was then ligated into pET-28a(ϩ) to create the recombinant plasmid pKHCT344. Plasmid constructs were verified via sequencing (Macrogen Corp.).
Overexpression and recombinant protein isolation. E. coli BL21(DE3) containing either the pAHCT345 or pKHCT344 plasmid was cultured overnight in LB medium containing ampicillin (100 g/ml) for pAHCT345 or kanamycin (30 g/ml) for pKHCT344 at 37°C. Overnight cultures were reinoculated into fresh LB medium containing the proper antibiotic and grown aerobically at 37°C until an optical density at 600 nm (OD 600 ) of 0.5 to 0.7 was reached. Isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM. The cultures were grown for an additional 12 h at 30°C. Cells were harvested and resuspended in buffer containing 20 mM NaH 2 PO 4 (pH 7.4), 0.5 M NaCl,
FIG 1
The relative activity of recombinant Cthe_0344 (MalE) () and Cthe_0345 (MDH) (OE) at various pH values with standard assays conditions at 50°C (MalE) and 25°C (MDH). and 20 mM imidazole. Cells were lysed at 37°C after 15 min of incubation with 1 mg/ml of lysozyme, 1% Triton X-100, 5 g/ml of DNase, 5 g/ml of RNase, and 5 mM MgCl 2 (25) . Cell lysates were centrifuged at 4,500 rpm for 30 min at 4°C. Supernatants were filtered through a 0.22-m filter prior to being loaded onto an Ni 2ϩ HiTrap metal affinity column and purified by following the manufacturer's instructions (GE Healthcare Bio-Sciences Corp.). The recombinant His 6 -tagged proteins were eluted using a stepwise imidazole gradient. Imidazole and NaCl were removed from the protein samples using a HiTrap desalting column eluting with 20 mM NaH 2 PO 4 (pH 7.4). Enzyme purity was verified by SDS-PAGE with a 12% resolving gel and a 5% stacking gel. Visualization of the proteins was done by staining the gels with Coomassie brilliant blue R-250. Protein concentration was measured by the Bradford assay using bovine serum albumin as a protein standard (26) .
Enzyme assays. All enzyme activities were measured in a 300-l well with a total reaction volume of 200 l up to 50°C. MDH activity was measured in a standard reaction mixture containing 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS) (pH 7.0), 10 mM dithiothreitol (DTT), 2 mM OAA, and 0.2 mM NADH. MalE activity was measured in a standard reaction mixture containing 100 mM MOPS (pH 7.0), 10 mM DTT, 2 mM malate, 0.2 mM NADP ϩ , 5 mM MnCl 2 , and 20 mM NH 4 Cl (27) . LDH activity was measured in a standard reaction mixture containing 100 mM MOPS (pH 7.0), 10 mM DTT, 10 mM pyruvate, 0.2 mM NADH, and 0.005 mM fructose-1-6-bisphosphate (11) . Changes in cofactor (NADH or NADP ϩ ) concentration were monitored at 340 nm using a BioTek Synergy 4 plate reader with a molar extinction coefficient of 6,220 M Ϫ1 cm Ϫ1 (adjusted for light path during calculations). Kinetic properties. The kinetic properties for MDH and MalE were determined by varying the substrate or cofactor concentration while keeping the concentration of all other constituents at saturating levels at 25°C and 50°C for the MDH and 50°C for the MalE and at pH 7.0. Inhibition assays were performed using standard reaction conditions with various inhibitor concentrations at 50°C. All kinetic parameters were determined by fitting the data to the Michaelis-Menten equation using Sigma-Plot 11.0 (Systat Software Inc.).
Effects of pH and temperature. Thermostability was determined by incubating aliquots of recombinant enzyme under the standard reaction conditions, excluding NADH or NADP ϩ . The aliquots were cooled on ice and tested for residual activity at 50°C using the standard conditions. The optimal pH was measured in the following buffers: cacodylic acid (pH 5.6 to 6.5), MOPS (pH 6.5 to 7.5), and Tris-HCl (pH 7.5 to 8.6).
Phylogenetic analysis. The evolutionary history of both Cthe_0345 (MDH) and Cthe_0344 (MalE) were inferred by using the maximum likelihood method based on the Tamura-Nei model (28) 
RESULTS
The monomeric molecular masses of the cloned and purified Histagged MalE and MDH were approximately 48 kDa and 40 kDa, respectively, corresponding to the predicted molecular masses of both proteins containing the 6ϫ His tag. Both enzymes were found to be stable, retaining over 90% activity at 4°C, when stored in desalted elution buffer for a month. However, when the enzymes where stored in the presence of 0.02% or 0.04% sodium azide at 4°C, the activity was reduced by 50% over the same period. A 30% reduction in activity was observed when the enzymes were stored in the presence of 15% glycerol at Ϫ20°C for a month.
Effects of pH and temperature on malate dehydrogenase. The optimal pH for OAA reduction by MDH was found to be 6.8 when using MOPS as a buffer (Fig. 1) . Although MDH-dependent oxidation of malate has been shown in other organisms, typically at a higher pH optimum than that of OAA reduction (30, 31) , recombinant C. thermocellum MDH did not oxidize malate in the presence of either NAD ϩ or NADP ϩ as a cofactor within the pH range tested (pH 5.6 to 10.5). The MDH was stable at 37°C for 10 h, with a 10% reduction in activity. However, after incubation at 60°C for 1 h, 54% of the initial activity of the purified enzyme was detectable, with none of the initial activity detectable after 4 h ( Fig. 2A) .
Malate dehydrogenase kinetics. Kinetic parameters for the recombinant MDH are summarized in Table 1 . The K m for OAA at 25°C was 0.20 mM using NADH as a cofactor. The k cat for oxaloacetate reduction was 45.8 s Ϫ1 with NADH as a cofactor. When NADPH was used as a cofactor, the k cat was reduced to 14.9 s Ϫ1 and the K m for oxaloacetate increased to 0.77 mM, resulting in a 12-fold decrease in the catalytic efficiency (k cat /K m ). High concentrations of oxaloacetate inhibited the activity of the MDH, with a 30% reduction in activity at 7 mM and a 99% reduction in activity at 25 mM. The addition of ATP, ADP, AMP, or PP i had no observable effect on MDH activity. MDH was also not affected by the addition of fructose 1,6-bisphosphate. No detectable LDH activity was found under any of the conditions tested.
Effects of pH and temperature on malic enzyme activity. The optimal pH for malate decarboxylation for the recombinant MalE was found to be 7.9, with a plateau of high relative activity between pH 7.1 and 8.5 (Fig. 1) . The MalE was stable at 37°C for 4 h, retaining 90.5% of its initial activity. Incubation at 60°C for 4 h led to a 63% reduction in activity (Fig. 2B) .
Malic enzyme kinetics. Kinetic parameters for the recombinant MalE are summarized in (Fig. 3A) . The addition of ATP or AMP resulted in small decreases in activity, 15% and 7%, respectively, at a 1 mM concentration. The addition of PP i , however, led to a sharp decrease in MalE activity, with a calculated K i of 0.036 mM at 50°C with saturating NH 4 ϩ and Mn 2ϩ (Fig. 3B ). The addition of PP i had no effect on the K m for malate but decreased the V max fairly sharply. Phylogenetic analysis. Phylogenetic analysis of the putative MDHs and LDHs from various clostridia showed that while they appear to be derived from a common ancestor, the MDH and LDH from C. thermocellum were separated into different groups (Fig. 4) . The grouping around Cthe_0345 (MDH) contains MDHs with the characteristic of having a neighboring malic enzyme gene. The malic enzymes from these organisms have also been found to group with Cthe_0344 (Fig. 5) . The alignment of Cthe_0345 (MDH) with the E. coli K-12 MG1655 MDH showed that at position 86, based on Cthe_0345 (MDH) amino acid position, both E. coli and Cthe_0345 (MDH) contained an arginine. However, in positions 18, 90, 212, and 216 the amino acids differed, with Cthe_0345 (MDH) having valine, glutamic acid, aspartic acid, and isoleucine rather than isoleucine, methionine, glycine, and valine in E. coli (Fig. 6 ).
DISCUSSION
The conversion of PEP to pyruvate can be viewed as an essential step in C. thermocellum metabolism. However, the lack of pyruvate kinase forces the use of an alternate means of pyruvate production. It has been suggested that pyruvate production is done through a PEPCK, MDH, and MalE or malate shunt pathway, resulting in the transfer of electrons between NADH and NADP ϩ and the generation of GTP and pyruvate (10, 21, 22) . Enzyme assays with cell extracts have showed MDH activity along with NH 4 ϩ -activated MalE activity (10, 11) . However, to date, no genes had been proven to encode MDH and MalE. We have therefore cloned, purified, and characterized the putative MDH (Cthe_0345) and MalE (Cthe_0344) to determine cofactor specificity and enzyme kinetics to validate their presence and elucidate their roles in the malate shunt pathway and their potential role in C. thermocellum biofuel metabolism.
The optimal pH for the MDH-dependent OAA reduction was 6.8, which agrees with the reported values from many thermophilic MDHs (30) . MDH-dependent oxidation of malate is generally found to be optimal at a pH higher than that of OAA reduction. However, C. thermocellum MDH did not have any detectable malate oxidation activity regardless of the pH (5.6 to 10.5) or any conditions used during the assays. This seems to indicate that the MDH from C. thermocellum greatly favors oxaloacetate reduction under physiological pH and under all tested conditions. The MDH from C. thermocellum was found to be thermostable, retaining over 50% activity after a 1-h incubation at 60°C. This is higher than what has been observed with the hyperthermophilic Bacillus candolyticus, which lost 50% of its activity after a 1-min incubation at 59°C, but similar to the values for Vulcanithermus medioatlanticus, which retained over 75% activity after 15 min of incubation at 60°C (30, 32) . The K m for OAA was significantly higher than for many characterized MDHs, such as the ones from V. medioatlanticus (0.048 mM), Corynebacterium glutamicum (0.057 mM), and Streptomyces aureofaciens (0.1 mM) (30, 33, 34 (33, 38, 39) .
The monomeric molecular mass of the MalE is much smaller than for most Gram-negative and eukaryotic MalEs but is similar to those for both Gram-positive and archaeal MalEs (20, (40) (41) (42) (43) (44) . The MalE consists of a 170-kDa tetramer consisting of four 40-kDa monomers (23) . The optimal pH was found to be rather high, at 7.9. However, high levels of activity were found between pH 7.1 and 8.5. These values agreed with previously reported values for C. thermocellum (23) and are similar to those for various MalEs from other Gram-positive organisms (40, 45) . The K m for malate from the C. thermocellum MalE was found to be lower than for the MalE from Streptococcus bovis (0.63 mM) and E. coli (0.66 mM) but significantly higher than the reported value for the MalE from Sulfolobus solfataricus (0.018 mM) (20, 44, 45) . The MalE from C. thermocellum differed from previously reported MalEs in that it was not inhibited to a significant extent by the presence of ATP and AMP, whereas in S. bovis, the addition of 1 mM ATP and 1 mM ADP reduced the MalE activity by 90% and 49%, respectively (45) . The recombinant C. thermocellum MalE was inhibited in the presence of relatively low concentrations of PP i . PP i did not seem to affect the binding affinity of malate or NADP ϩ . However, the addition of PP i affected the velocity of the enzyme, leading to a lower V max value. Therefore, this indicated that PP i is a noncompetitive inhibitor of MalE. In Trypanosoma cruzi, high levels of PP i induce a shift in phosphoenolpyruvate (PEP) utilization from pyruvate kinase and PEP carboxykinase to pyruvate dikinase (PPDK) (46) . In C. thermocellum, the levels of PPDK and MalE were found to be high in both the transcriptome and proteome during growth (21, 22, 47) . Therefore, C. thermocellum could utilize intracellular PP i concentration as a signal for directing carbon flow from PEP. Both Burton and Martin (47) and Rydzak et al. (22) have suggested an important role for PPi in exponential phase in this organism. In Caldicellulosiruptor saccharolyticus (48) , another cellulolytic thermophilic relative of the clostridia, high levels of PP i have been observed during exponential growth. Increased concentrations of PP i would inhibit the MalE, leading to carbon flowing through the PPDK in order to produce pyruvate. However, deletion of the PPDK gene in C. thermocellum caused no decrease in growth rate or final culture density (49) . Together, these findings indicate that C. thermocellum utilizes a robust redundant system of pyruvate generation that can easily adapt to intracellular conditions (Fig. 7) . At high concentrations of PP i , the carbon flow would proceed through the PPDK or PEPCK and a membrane-associated OAA decarboxylase complex (OAADC) (Cthe_0699-0701) (Fig. 7B) . Once PP i concentrations fall, then the carbon flow would be redirected through the malate shunt and/or the OAADC (Fig. 7C) . However, under conditions of both low PP i and low NH 4 , the carbon would be forced through the OAADC solely for pyruvate generation (Fig. 7D) .
The phylogenetic analysis of the Cthe_0345 protein seemed to indicate that some MDHs can be distinguished from LDHs based on their phylogenetic grouping despite the ambiguity in the an- notation of MDH and LDH (Fig. 4) . Therefore, the presence of a neighboring MalE gene next to a putative MDH or LDH gene would seem to indicate that the MDH or LDH gene is likely an MDH gene. However, the phylogenetic analysis also showed that most MDHs and LDHs are indistinguishable from one another from a phylogenetic point of view. The MalE phylogenetic analysis showed a distinct group of MalEs which have neighboring MDHs, of which the MalE from C. thermocellum is the first representative from this group to be characterized. The substrate specificity of the MDH in E. coli can be modified by a single amino acid change, arginine to glutamine, at position 81 (50) . Furthermore, the substrate specificity of the E. coli MDH can be completely shifted to pyruvate with a total of 5 amino acid substitutions (19) . Interestingly, when the amino acid sequence of Cthe_0345 (MDH) was compared with that of the E. coli MDH, the amino acids at positions 18, 90, and 216 (based on Cthe_0345 amino acid positions) were found to be valine, glutamic acid, and isoleucine rather than isoleucine, methionine, and valine in E. coli MDH. The amino acids at these positions in Cthe_0345 (MDH) are identical to the amino acid in the same positions for the Cthe_1053 (LDH) and the substitutions made by Yin and Kirsch (19) which shifted substrate specificity from OAA to pyruvate. However, Cthe_0345 (MDH) and Cthe_1053 (LDH) differ at positions 86 and 212. At positions 86, Cthe_0345 (MDH) contains the expected arginine based on the E. coli MDH, whereas Cthe_1053 (LDH) contains a glutamine. Therefore, similar to the case with E. coli, the substrate specificity of the Cthe_0345 (MDH) may be governed by the presence of either an arginine (MDH) or glutamine (LDH) at position 86. However, only 26 of the 38 sequences use in the phylogenetic tree (Fig. 4) had an arginine or glutamine at position 86 when aligned with Cthe_0345 (MDH) (data not shown). While the amino acid at position 86 can hint at the associated activity, it cannot be used reliably to distinguish an MDH from a LDH since not all aligned MDHs and LDHs contain arginine or glutamine at position 86.
Conclusion. The characterization of the biochemical properties of the MDH and MalE from C. thermocellum has provided insight into their possible catabolic role in this organism and possibly other closely related clostridia. The lack of malate oxidation activity by the MDH under the experimental conditions would indicate that the MDH greatly favors oxaloacetate reduction, therefore primarily production of malate, and has a higher affinity for NADH rather than NADPH. It has been suggested that the activation of MalE by NH 4 ϩ is used by C. thermocellum as a signal for the production of cofactors required for biosynthesis (23) . Likewise, fluctuating levels of PP i could also possibly be utilized as a signal for C. thermocellum to increase the production of biosynthetic cofactors GTP and NADPH by utilization of the PEPCK and the malate shunt pathway over PPDK. The regulation of the MalE by both NH 4 ϩ and PP i indicates that high-energy intermediates and NH 4 ϩ may play major role in the regulation of carbon flux through competing pyruvate-producing pathways. Hence, further metabolomic analysis of C. thermocellum would help determine the role of the metabolome as a possible regulator of carbon and electron flux through competing pathways. The combination of biochemical data with metabolomic and proteomic analysis could lead to better understanding of carbon and electron flux regulation in C. thermocellum, leading to the determination of prime candidate genes for genetic engineering.
